Dynamic simulation models provide vector abundance estimates using only meteorological data. However, model outcomes may heavily depend on the assumptions used to parameterize them. We conducted a sensitivity analysis for a model of Aedes aegypti (L.) abundance using weather data from two locations where this vector is established, La Margarita, Puerto Rico and Tucson, Arizona. We tested the effect of simplifying temperature-dependent development and mortality rates and of changing development and mortality thresholds as compared with baselines estimated using biophysical models. The simplified development and mortality rates had limited effect on abundance estimates in either location. However, in Tucson, where the vector is established but has not transmitted viruses, a difference of 5 C resulted in populations either surviving or collapsing in the hot Arizona mid-summer, depending on the temperature thresholds. We find three important implications of the observed sensitivity to temperature thresholds. First, this analysis indicates the need for better estimates of the temperature tolerance thresholds to refine entomologic risk mapping for disease vectors. Second, our results highlight the importance of extreme temperatures on vector survival at the marginal areas of this vector's distribution. Finally, the model suggests that adaptation to warmer temperatures may shift regions of pathogen transmission.
Aedes aegypti (L.) is one of the primary vectors for (re)emerging arboviruses causing diseases like dengue, chikungunya, and Zika. To estimate the risk of disease transmission occurring in new areas, presence of a disease vector is necessary. Moreover, the vector must be present in sufficient abundance, survive long enough to become infected, and and have enough human contact to successfully transmit virus. When coupled with human travel information, entomologic risk is helpful in the early stages of an outbreak to quickly delineate the regions where disease transmission may occur. Such approaches may rely on the presence of the vector (Khan et al. 2014) or on more sophisticated models of vector abundance (Bogoch et al. 2016 , Monaghan et al. 2016 ). However, incomplete understanding of the interactions and susceptibilities of vectors, hosts, and pathogen continues to hamper the development of early warning systems (Louis et al. 2014) .
Entomologic risk, with respect to modeling disease transmission, involves understanding both the seasonal population dynamics (because vectors must be sufficiently abundant for hosts to incur an infectious bite) and adult female longevity (because they must live long enough to become infectious and successfully find another host). Previous sensitivity analyses have shown that survival thresholds associated with temperature extremes were most influential in patterns of Ae. aegypti population dynamics and dengue transmission (Xu et al. 2010 , Ellis et al. 2011 ). Specifically, temperature may influence the survival of adult females beyond the extrinsic incubation period (Brady et al. 2013 ). However, the implication of these temperature thresholds has not been evaluated in regions along the periphery of the vector's established range.
With summer high temperatures exceeding 38 C and winter low temperatures <4 C, Tucson, Arizona provides a testing ground for the influence of extreme temperatures on a model of Ae. aegypti abundance. The vector is established but the viruses transmitted by this vector are not (Fink et al. 1998 ). This situation differs from La Margarita, Puerto Rico, where the vector is present year-round due to temperature and precipitation patterns (Barrera et al. 2011) , and dengue is endemic (Barrera 2010) , with recent outbreaks of chikungunya and Zika (Sharp et al. 2014 , Adams et al. 2016 . Herein, we conduct a sensitivity analysis to evaluate the effect of temperature on the predictions of an Ae. aegypti abundance model in these two climates. We assess how the estimated vector abundance changes when simplifying modeling assumptions and which factors, e.g., temperature thresholds, development and mortality rates, are most influential.
Materials and Methods

Study Area
We compare modeled vector abundance between two locations where Ae. aegypti are established. Weather data at a single point for each location for the study period (3 October 2011 -18 November 2014 were derived from a HOBO meteorological station (HOBO Data Loggers, Onset Computer Corporation, Boume, MA) in La Margarita, a tropical environment in southern Puerto Rico (17.9716667 , À66.3027778 ), and from the National Climatic Data Center for Tucson, an arid city in southern Arizona (32.221667 , À110.9263389 ). Over the 2 yr of the study period, for which we have a complete year's weather data (2012 and 2013), the median monthly total precipitation in La Margarita was 41.52 cm (range 2.27-199.4 cm) and an average mean temperature of 27.2 C (maximum high temperature recorded was 35.5 C and minimum low temperature was 18.6 C), whereas Tucson experienced a median monthly total of 0.86 cm (range 0-10.5 cm) of precipitation and an average mean temperature of 21.8 C (maximum high temperature recorded was 44.4 C and minimum low temperature was À8.3 C).
Model Description
We used DyMSiM, an established mosquito abundance model that uses daily temperature and precipitation data to simulate the development of individual mosquitoes from egg to adult, yielding a daily estimated adult mosquito population for a given location (Morin and Comrie 2010 , Brown et al. 2015 , Morin et al. 2015 . Our version of DyMSiM is implemented in MATLAB R2013b (MathWorks, Natick, MA) and was parameterized for Ae. aegypti using specific temperature-dependent development and mortality rates, as well as minimum and maximum temperature thresholds for each immature and adult stage, obtained from published empirical studies (Otero et al. 2006 , Eisen et al. 2014 ).
Because the model has a stochastic component (random events include, e.g., whether a specific mosquito survives until the next day or whether a specific gravid female lays eggs), different simulations with identical initial conditions and climate input lead to different daily estimates but to consistent seasonal trends. The standard deviation of daily predictions from individual runs changes as a function of time and location. On average, it is about 13% of the mean in PR and 26% of the mean in Tucson (this latter number increases to 49% when values for which the mean is near zero are included). To obtain a low-variability estimation of the expected abundance on any given day, we therefore average the output of the code over a fixed number of simulations (set to N ¼ 30; see Model Optimization in the Results section for details).
Analysis
For each life stage, the development and mortality rates, and the temperature thresholds for development and survival were changed serially (one value changed per life stage and rate per threshold combination), and then concurrently across all stages. For the development and mortality rates, we tested whether a simplified model (a uniform or a linear dependence on temperature, Table 1 ) would significantly alter the estimates from current biophysical models (Otero et al. 2006) . For the development and survival thresholds, increments of 5 C above and below the maximum and minimum thresholds were individually tested by life stage and then tested concurrently across all life stages. The value of the increment (5 C) is about 10% of the annual temperature range in Tucson and about a third of the annual temperature range in Puerto Rico, and is therefore, significant in both areas. Temperature tolerance thresholds were derived from a recent review of Ae. aegypti bionomics (Eisen et al. 2014) .
Daily estimated abundance for baseline (using original parameters) and adjusted models were compared visually, and root mean square error (RMSE) was calculated by comparing the daily difference between baseline and adjusted model. Root mean square error should be low when the estimated daily mosquito abundance between simulations are close. Calculation of RMSE and graphing was performed in Excel 2010 (Microsoft, Redmond, WA).
Results
Model Optimization
Averaging over 30 independent runs resulted in stable sample mean estimates of the expected value (mean) of predicted daily mosquito abundance. Specifically, the variability of these estimates, measured as the time average of the daily standard deviation scaled to the daily mean, was 2.3% in PR and 4.7% in Tucson. The Tucson average is only over values for which the mean is significant; including winter estimates, when the mean abundance is near zero, increases the average variability to 8.5% (see panel B of each figure below). Changing the coefficient for the environmental suitability of immature habitat had little effect on the dynamics of the abundance but, as expected given the nature of this parameter, scaled the number of mosquitoes predicted. Thus, we set the environmental suitability at 1 for all analyses.
Mean Development Rates
First, we evaluated the effect of using the average development rate from egg to adult rather than stage-specific development rates (Otero et al. 2006) . Then, stage-specific development rates were replaced with their average calculated between 5 C and 38 C. These temperature values were selected to capture the widest range The coefficient of determination (R 2 ) is reported for the linear fit to the empirical data.
of temperature-dependent development data. This was performed for each individual life stage separately, and then concurrently for all life stages together.
La Margarita. All of the above simplifications had a negligible impact on the estimated daily abundance, with RMSEs of about 10% of the total daily abundance ( Fig. 1A) . Tucson. Likewise, in Tucson using average development rates led to fairly similar estimates, with RMSEs of about 10% (Fig. 1B) .
Linear Development Rates
Next, the stage-specific development rates were replaced with a linear fit of temperature-dependent development rates. For the larval stages, the temperature-dependent development rates increase and then decrease as the temperature increases. Thus, the data were divided and a linear fit applied to pre-and postpeak data independently. For eggs and pupae, a single linear fit was used. For each, only one stage was changed at a time, and the model was reset to the original values between tests. The linear fit of each life stage was then used for all stages.
La Margarita. Applying a linear fit provides an estimate within the same range as the originally parameterized model ( Fig. 2A) , still capturing the seasonality, and is a reasonably close approximation with low RMSE (<6.6 mosquitoes per day, where the daily average is around 60; i.e., $10%). Changing the egg and third-instar development rates had the greatest effect (RMSE ¼ 6.41 and 6.0, respectively), one overestimating (mean number of females ¼ 65, SD ¼ 7) and the other underestimating (mean number of females ¼ 60, SD ¼ 6) the average number of mosquitoes (baseline model ¼ 62 females, SD ¼ 7). When replacing all fits with a linear approximation, the estimated total was still around 60 adult females (62, SD ¼ 5) compared with the baseline model, with an average of 60 adult females (SD ¼ 6).
Tucson. Applying a linear fit provides an estimate within the same range as the originally parameterized model, still capturing the seasonality, and is a reasonably close approximation (Fig. 2B) . Changing all development rates to their linear approximation had the greatest effect (RMSE ¼ 10.13), though still providing similar estimates of average number of female mosquitoes (N ¼ 38, SD ¼ 26) as the baseline (N ¼ 36, SD ¼ 26).
Thresholds Associated With Development
Minimum and maximum temperature development thresholds were lowered and raised by 5 C yielding increased and decreased suitable temperature ranges. First, all stages were evaluated individually, and then all stages jointly. Only the estimates obtained when all stagespecific values were changed concurrently are presented in Fig. 3 .
La Margarita. In La Margarita, the mean temperature (27.2 C) is well within the development temperature thresholds and the observed minimum and maximum (18.6 C, 35.5 C) temperatures also remain within baseline thresholds. As a consequence, the sensitivity analysis showed negligible effect when compared with the variance across baselines yielding a RMSE of <2 ( Fig. 3A and Table 2 ).
Tucson. For the time period of this study, the lowest minimum temperature reported for Tucson was À8.3 C and the maximum was 44.4 C. As with La Margarita, differences between baselines for stage-specific changes, as well as when all values were changed, were negligible with RMSE < 3 ( Fig. 3B and Table 2 ).
Changing Death Rates
We changed the immature death rate for temperatures between 4.85 C and 29.85 C from the formula presented in Otero et al. (2006) , given by 1 À ð0:01 þ 0:9725 ÀðT=2:7035Þ ), where T is temperature in C, to a constant (1 À 0.970969). This value was calculated as the average of the temperature-dependent death rate in degree increments using the Otero et al. (2006) model. Using La Margarita and Tucson data had a negligible effect when compared with the unchanged model, with a RMSE for La Margarita of 2.08 and a mean of 60 females (SD ¼ 6), and a RMSE for Tucson of 2.04 with a mean of 35 females (SD ¼ 26). The other mortality rates were already constant between temperature thresholds (Otero et al. 2006) . Fig. 4 presents the estimated abundance when all stage-specific values were changed simultaneously.
Changing Thresholds Associated With Survival
La Margarita. Changing the minimum temperature threshold by 5 C above or below the minimum temperature thresholds estimated from the graphs in Eisen et al. (2014) for this species remained well within the temperatures experienced in La Margarita (Table 3) . Thus, we saw little effect of changing the minimum temperature thresholds, with an average number of females similar to the baselines and a RMSE <2.2 mosquitoes per day ( Fig. 4A and Table 2 ). While the highest maximum temperature reported during this time period (35.5 C) was closer to the stage-specific thresholds, these high temperatures were infrequent and had negligible effect, with a RMSE <2 mosquitoes per day ( Fig. 4A and Table 2 ).
Tucson. Unlike La Margarita, the temperatures in Tucson reach the minimum and maximum temperature thresholds during this time series-lowest minimum À8.3 C and highest maximum 44.4 C. Reducing the range of temperatures in which this vector survives by lowering the maximum temperature thresholds caused populations to collapse in the mid-summer with RMSE ¼ 31.03 and mean number of females ¼ 18 (Fig. 4B ). This collapse is primarily driven by the effect of lowering the maximum survival threshold for larvae from 36 C to 31 C (outside of which the mortality is set to 0.05). We also observed an effect when the minimum threshold for the daily survival rate for larvae and pupae was increased from 13 C to 18 C and when the adult survival threshold was changed from 4 C estimated from Eisen et al. (2014) to 9 C. This caused the population to collapse about 20 d earlier in the fall.
Discussion
We conducted a sensitivity analysis to assess the effect of simplified development and mortality rates and to establish which parameters are most critical in understanding vector dynamics. We compared two very different regions (La Margarita and Tucson), which have very different climates. While both have established Ae. aegypti populations, their disease transmission profiles differ. Counter to our expectations, replacing the development rates with their averages or linear approximations had a negligible ($10% error) effect on the estimated daily abundance in either location. This sensitivity analysis also shows the key role of temperature thresholds in marginal vector or extreme climate areas, and suggests these thresholds may be important for understanding regional risks of disease transmission. The observation that simplified development rates have a negligible effect ($10% error) on the predicted daily abundance suggests that empirical studies aiming for better estimates of development rates at constant temperatures may not be as necessary as addressing other aspects of vector growth dynamics. However, we saw an effect in Tucson when using the linear approximation concurrently for all development rates, which was not observed with any stage-specific change alone-a widening of the mosquito season with an earlier start to the population growth. This widening was most noticeable in the second yr of the study period, where the population began to build from mid-March to early April 2013 and again early March through early April 2014 (Fig. 2B ). During these two periods, the average maximum and mean temperatures were about 2 C warmer than the comparable period in 2012 (maximum temperature: 25.6 C, 27.7 C, and 27.0 C; mean temperature: 17.0 C, 19.4 C, 18.8 C in 2012, 2013, 2014, respectively) and the average minimum temperature 2-3 C warmer (8.4 C, 11.2 C, 10.6 C, in 2012, 2013, 2014, respectively) . Understanding this effect has implications for modeling disease transmission, as an extension of the activity season may translate to increased probability of a mosquito acquiring an infectious bloodmeal. Ginsberg et al. (2010) found earlier positive pools were positively associated with later West Nile virus activity in Culex species.
Although changing the thresholds associated with development had little effect, changing the survival thresholds influenced vector dynamics in Tucson. Cool temperatures are implicated in limiting the distribution of Ae. aegypti (Eisen and Moore 2013) . Similar abundance modeling in cooler locations of Australia found the effect of cool temperatures on adult activity may have explained Ae. aegypti disappearance in marginal areas (Williams et al. 2010 ). Changes to development or mortality rates or temperature tolerance thresholds did not result in simulated populations surviving through the winter collapses in Tucson. This finding is likely because of the development at lower temperature ranges is near zero for immature stages (Otero et al. 2006 , Eisen et al. 2014 . Thus, even with shifting the cold temperature tolerance, unless the low-temperature development rates are also changed, the populations are not sustained over the winter.
This analysis suggests that the mid-summer heat is having an impact on the seasonality of Ae. aegypti in Tucson at the periphery of its geographic range. Our model does not include humidity related mortality, which has been suggested by some as a factor in Ae. aegypti survival in the arid Southwest (Hayden et al. 2010 , Walker et al. 2011 . Nonetheless, this analysis indicates heat alone is negatively impacting the populations. The modeled mosquito population dynamics was most sensitive in Tucson, where the survival thresholds reported in the literature for all immature stages were close to the observed summer temperatures. When using thresholds from the comprehensive summary provided by Eisen et al. (2014) as done here, the simulated populations survived. However, when using the thresholds estimated by Christophers (1960) and Otero et al. (2006) , the mid-summer population collapsed as observed in the analysis reported here, with the reduction of the maximum temperature threshold. Simulated populations surviving or collapsing depending on the empirically derived threshold used, together with existing differences in reported development and survival thresholds, highlights a need to better understand temperature thresholds for Ae. aegypti. However, for estimating abundance in tropical regions where the temperatures often do not reach the thresholds, a simplified fit of the development rates within the reported thresholds may be sufficient to estimate vector abundance.
The development rates estimated for our model are based on constant temperatures and do not include diurnal fluctuations which have been shown to lengthen development time and reduce larval survival (Carrington et al. 2013) . The results of this manuscript suggest that diurnal fluctuations may be simply accounted for by estimating general trends and revising the average development rates used in the model accordingly.
We observed an effect of maximum temperature thresholds limiting populations in the periphery of the geographic limits of Ae. aegypti. This study reinforces the need for better data to study how this vector behaves at the extreme temperatures experienced at the periphery of the vector's range (Brady et al. 2013 , Eisen et al. 2014 .
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